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Abstract 
 
Synthesis and Characterization of High-Surface Area Hexagonal Boron 
Nitride Foam Structures  
 
Qianru Jia, M.S.E 
The University of Texas at Austin, 2019 
 
Supervisor:  Li Shi 
 
Hexagonal boron nitride (h-BN) shares a similar layered crystal structure as 
graphite. Graphite is a semimetal with an ultrahigh thermal conductivity. In comparison, 
h-BN is a high-thermal conductivity electrical insulator, which is more suitable than metals 
for a number of applications in thermal management of electronic devices. Continuous and 
porous foam structures of both graphitic carbon and h-BN have been synthesized for 
thermal management and other applications. High-thermal conductivity and light-weight 
graphite foams have demonstrated superior thermal performance than both metal foams 
and van der Waals bonded networks of carbon nanotubes and graphitic flakes. However, 
the volume fraction and effective thermal conductivity of existing h-BN foam structures 
are still limited by the large pore size and limited specific surface area of the sacrificial 
reticular nickel foam templates used for chemical vapor deposition (CVD) of h-BN. This 
thesis reports on an investigation of the use of sacrificial sintered nickel powder templates 
with reduced pore sizes to increase the surface area of h-BN foam grown by atmospheric 
pressure CVD (APCVD) on the template. The volume fraction of the obtained h-BN foam 
 vi 
is increased by a factor of 2.8 compared to a baseline h-BN foam grown on a commercial 
reticular nickel foam template. With poly(methyl methacrylate) (PMMA) filled into the 
pore space of the h-BN foam, the room-temperature effective thermal conductivity of the 
composite increases from 0.31 ± 0.02 Wm-1K-1 for the baseline structure to 0.51 ± 0.04 
Wm-1K-1 for the structure with increased h-BN volume fraction. The room-temperature 
solid thermal conductivity of the h-BN strut is determined from the effective thermal 
conductivity via the Lemlich model to be 380 ± 80 Wm-1K-1, which is comparable to 
literature basal-plane values for h-BN crystals and compressed pellets. For a h-BN foam 
structure annealed at 700°C upon growth for 48 hrs, the solid thermal conductivity is 490 
± 120Wm-1K-1. 
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Chapter 1 Introduction 
In the semiconductor industry, Moore’s Law has been followed closely until 
recently. This law projects that the number of transistors on a computer chip will double 
every two years.1 The increased transistor density is accompanied with increased heat 
dissipation density, which has reached over 100 W cm-2.2 Due to the difficulties in 
preventing the computer chip from overheating under the large heat density,3 thermal 
management has become the key challenge for the semiconductor industry to follow 
Moore’s law. This challenge opens up opportunities for innovations in thermal 
management materials, devices, and systems for microelectronics.4 Similar challenges and 
opportunities exist in energy technologies such as thermal energy storage systems for both 
high-temperature concentrated solar thermal power and near room-temperature cooling and 
heating of buildings and vehicles.   
The open cellular foam of a high-thermal conductivity material is one type of 
materials structures that have been investigated for thermal management applications. The 
continuous interconnected strut network serves as effective pathways for heat conduction 
from the functional materials, such as a phase change material (PCM) for thermal energy 
storage, which are filled into the pore space of the foam structure.5 Compared to van der 
Waals bonded networks of high-thermal conductivity nanomaterials such as metal 
nanowires, carbon nanotubes, and graphitic flakes, the internal interface thermal resistance 
is greatly reduced in a continuous foam structure.6  
Among the different foam structures, graphitic carbon foams exhibit several 
desirable properties including low atomic mass, high solid thermal conductivity, and 
mechanical flexibility. Different methods have been reported for the synthesis of a variety 
of carbon foams from amorphous carbon,7 graphite,8 expanded graphite,9,10 and graphene 
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oxide.11 High-density graphitic foams have been synthesized with mesophase pitches as a 
precursor based on calcination and carbonization processes involving temperatures as high 
as about 2500°C and pressure on the MPa level.12 The template carbonization method is 
based on impregnating polyurethane foam with poly(amic acid), followed by imidization 
and carbonization at a high temperature up to 3000°C.7 Besides these high-temperature 
processes, carbon foams have also been synthesized with the use of the Pechini method, 
also called sol-gel route, which involves an intensive mixture of positive ions in a solution, 
formation of a polymer gel and deformation of the obtained metal-polymer composition to 
a highly homogenous oxide precursor.7 Meanwhile, exfoliated graphite has been 
compressed into graphitic foam structures.12 Compared to these methods, chemical vapor 
decomposition (CVD) of graphite foams on a sacrificial nickel foam catalytic template has 
emerged as an effective approach for the growth of low-density, high-crystalline quality 
graphite foams.13,14  
The thermal performance of the carbon foams depends on the crystalline quality, 
strut wall thickness, and the pore size. The mean pore size of activated carbon foam 
influences the thermal properties. Large pores limit the specific surface area and result in 
a large distance and resistance from the filled functional materials to the high-thermal 
conductivity matrix. Efforts have been made to grow long carbon nanotubes on the strut 
wall of CVD ultrathin graphite foam to increase the specific surface area and reduce the 
resistance of heat transport from the PCM inside the pore space to the graphite strut 
walls.15,16 The obtained effective thermal conductivity was increased by a factor of 1.8 
compared to that of a graphite-PCM composite. Recently, nickel powers have been sintered 
to form catalytic templates for CVD growth of graphite foam structures.17 The low-cost 
nickel powder can reduce the pore size and increase the specific surface area up to 68 times 
compared to the reticulated nickel template. Because of the large increase in the volumetric 
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specific surface area, the graphite volume fraction and the effective thermal conductivity 
have been increased from 0.87 ± 0.09% and 2.1 ± 0.3 Wm-1K-1 to 8.4 ± 0.3% and 16.3 ± 
1.1 Wm-1K-1, respectively.  
Despite the progress in the growth of high-thermal conductivity graphite foam, the 
semi-metallic nature of graphite limits its use for some thermal management applications. 
For example, thermally conducting and electrically insulating filler materials are needed 
for increasing the thermal performance of polymeric materials used to join adjacent chips 
in three-dimensional (3D) integrated circuit (IC) architecture.3 This requirement can 
potentially be made with the use of hexagonal boron nitride (h-BN) to replace graphitic 
materials as the high-thermal conductivity fillers. Both graphite and h-BN are two-
dimensional (2D) layered materials. The basal-plane and inter-layer lattice constants are a0 
= 2.504 Å and c0=6.661 Å for h-BN. These values are similar to those of graphite, a0 = 
2.456Å and c0=6.696 Å.18 However, the large band gap of 5.97 eV makes h-BN essentially 
an electrical insulator.24 Due to its mechanical robustness and flexibility, chemical stability, 
and high basal-plane thermal conductivity, h-BN has been investigated for thermal 
management applications.18-21 As an electrical insulator and thermal conductor, h-BN has 
been employed for both electric insulation and heat dissipation in applications ranging from 
electronic packaging, electrical shielding, flexible substrates, and advanced heterostructure 
devices.22-25 
Recently, h-BN has been grown with CVD including atmospheric pressure 
chemical vapor deposition (APCVD).26-29 In one CVD synthesis on reticulated Ni catalytic 
templates,25 3D-C and 3D h-BN are hybridized into a 3D-BNC network. The highly porous 
structure allows the graphite-h-BN hybrid foam to achieve low density and light weight 
while maintaining its structural integrity and flexural toughness. In another h-BN growth 
using the ammonia-borane (H3N–BH3) precursor at different Ar/H2 background 
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pressures,30 both the growth rate and the disorder increase with the growth pressure. In 
addition, solid borazane precursor and Ni foam templates have been used in low-pressure 
CVD (LPCVD) growth of free-standing h-BN foams with an ultralow density of 1.6 
mg/cm3.31 Meanwhile, an APCVD method has been used to grow h-BN foams on Ni foam 
templates.32,33 At a h-BN volume fraction of 0.076 ± 0.01%, the effective thermal 
conductivity of h-BN-Poly(methyl methacrylate) (PMMA) composite increased from 0.34 
± 0.03 Wm-1K-1 at room temperature to 0.73 ± 0.07 Wm-1K-1 at 140 K. The temperature 
dependence is due to the lattice thermal conductivity of crystalline h-BN, and is opposite 
to that of amorphous PMMA.   
The effective thermal conductivity of existing h-BN foams are limited by the low 
h-BN volume fraction, which is limited by both the surface area provided by the Ni foam 
template and the small h-BN thickness that can be grown using the solid precursor. In this 
thesis, small particle size nickel powders are sintered at about ~1100°C to form Ni -powder 
templates to obtain a relatively high specific surface area compared to commercial 
reticulated Ni foam. The sacrificial sintered Ni powder template is used to grow h-BN 
foams structures. PMMA-h-BN composites are prepared for thermal transport 
measurements to determine the effect of increased surface area of the Ni template on the 
effective thermal conductivity and basal-plane thermal conductivity of h-BN.  
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Chapter 2 Synthesis and Characterization of High-Surface Area 
Hexagonal Boron Nitride 
This chapter describes APCVD synthesis of h-BN foams on both commercial nickel 
foam and sintered Ni powder foam templates. The obtained h-BN foams are impregnated 
by Poly(methyl methacrylate) (PMMA) to form h-BN-PMMA composites and are 
characterized via Laser Flash Analysis (LFA) and Differential Scanning Calorimetry 
(DSC). The thermal properties results are compared in the following sections. 
2.1 Synthesis of High-Surface Area Hexagonal Boron Nitride Foam 
Commercial Ni foam is a common template used for APCVD growth of graphite 
and h-BN foam structures. However, the pore size is as large as about 600 µm. 
Consequently, the large distance increases the thermal resistance and limits the heat 
transfer from the functional materials filled into the pore space to the high-conductivity 
struts. Based on a previous report,17 small pore size porous Ni templates can be obtained 
by sintering of small size Ni powder template. Here, Ni powder smaller than 20 µm is 
sintered within the temperature limit of the CVD furnace to form the Ni foam template 
without the use of a separate sintering process in a high-temperature furnace.  
2.1.1 Growth of Hexagonal Boron Nitride Foam 
High purity (99.9%) < 20 µm (-625 mesh) nickel powder (Atlantic Equipment 
Engineers) is used for the synthesis of the sintered Ni powder foam. Isopropyl alcohol 
(IPA) and 4g of nickel powder are loaded into a combustion crucible, which is placed in a 
tube furnace. The tube is purged with 45 sccm Ar and 5 sccm H2 gas flow for 30 minutes 
to evaporate the IPA. At the same flowrates, the furnace temperature is ramped up slowly 
over five hours to 1080°C, which is held for 2 hrs to sinter the Ni powder. The scanning 
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electron microscopy result of well-merged, continuous sintered Ni powder foam is shown 
in Figure 2.1. 
 
Figure 2.1: Scanning electron microscopy (SEM) images of a porous Ni foam obtained 
by sintering <20 µm (-625 mesh) powder 
The APCVD system is shown in Figure 2.2(a), which contains a single-zone quartz 
tube furnace (Lindberg/Blue M Mini-mite), a band heater, a combustion crucible, a Ni 
template and gas supply. The combustion boat containing 700 mg of borane-ammonia 
complex powder (Sigma Aldrich) is placed at 10 cm away from the heating zone. Sintered 
Ni powder foam is cut into small piece and placed in the center of the quartz tube. The 
inner diameter (ID) and outer diameter (OD) of the quartz tube are 20 mm and 25.4 mm, 
respectively. The surface of the Ni foam is normal to the flow direction, as shown in Figure 
2.2(b). The normal position allows the gas flow to penetrate though the pore of the sintered 
powder, which increases the h-BN growth rate compared to the parallel position shown in 
Figure 2.2(c) and used in prior experiments.31-33  
 7  
 
 
Figure 2.2: (a) Schematic diagram of a CVD system that contains a heating zone, a crucible 
loaded with borane-ammonia, a band heater, and a Ni template. The blue arrow indicates 
the flow direction. (b) Schematic illustration of the normal position of the Ni template. (c) 
Schematic illustration of the parallel position of the Ni template. 
The sintered Ni powder foam template is first annealed under ultra-high purity H2 
gas at 90 sccm and atmospheric pressure for 2 hrs at 1080°C to reduce the surface oxide. 
Subsequently, the H2 flow rate is increased to 360 sccm and the band heater is heated to 
120°C to sublimate the borazane powder and grow h-BN on the sintered Ni powder 
template. After 1.5 hrs of growth, the quartz furnace is cooled down to room temperature 
in an Ar flow at 60 sccm. The grown h-BN on sintered-powder foam is shown in Figure 
2.3. 
(a) 
(b) (c) 
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Figure 2.3: Scanning electron micrograph of h-BN grown on sintered Ni powder foam 
with < 20 µm powder size. 
The as-grown sample is coated with droplets of 4 wt% PMMA to partially fill the 
open cellular structure. After the PMMA is cured at 100°C for 1 hr, the sample is immersed 
into 6M HCl on a hot plate at 100°C for 5 hrs to completely remove the nickel (Figure 
2.4). Following etching and DI water rinsing, the PMMA-coated h-BN is dried overnight 
and then heated in the quartz tube at 400°C for 2 hrs under open air to burn off the PMMA. 
In comparison, removing the PMMA in acetone can destroy the structural integrity of the 
h-BN foam.  
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Figure 2.4: Scanning electron micrograph of h-BN foam upon the removal of the sintered 
Ni powder foam template 
2.1.2 Synthesis of Hexagonal Boron Nitride -Polymer Composite 
In addition to free-standing h-BN foam, h-BN-PMMA composite structure is 
prepared for thermal transport measurements. To minimize the air void volume fraction 
inside the h-BN-PMMA composite, 12 wt% PMMA solution is placed under vacuum for 
10 mins before it is filled into the h-BN-Ni foam. The h-BN-Ni sample is then immersed 
in the PMMA solution and cured for 1 hr at 100°C. Due to the high-volume fraction of 
protective PMMA, the Ni in the composite is then etched with 6M HCL for 10 hrs. The h-
BN-PMMA sample based on the sintered Ni powder template is shown in Figure 2.5(a). 
As a comparison, the same fabrication process is carried out with a commercial Ni foam as 
the starting catalytic template to obtain baseline h-BN-PMMA composite. The baseline h-
BN-PMMA composite is shown in Figure 2.5(b). In addition, two h-BN samples grown 
on the sintered Ni powder template are annealed under 700°C in air for 24 and 48 hrs, 
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respectively. These annealed samples are used to prepare annealed h-BN-PMMA 
composites to investigate the effect of annealing on the thermal transport properties. 
 
 
Figure 2.5: Optical graphs of h-BN-PMMA composites (a) based on sintered Ni foam 
template with < 20 µm powder and (b) based on commercial Ni foam template. 
2.2 Characterization of High-Surface Area Hexagonal Boron Nitride Polymeric 
Composite 
Because of the relatively small pore size of the sintered Ni powder foam, its specific 
surface is much higher than that of the commercial Ni foam. Consequently, the volume 
fraction (ϕh-BN) of h-BN grown on the sintered template is 0.34 ± 0.059%, around 3 times 
of that of the reticulated Ni foam (0.12 ± 0.018%). The volume fraction is calculated from 
the h-BN mass, which is determined based on the mass increase upon the h-BN growth on 
the Ni template. Because the h-BN growth rate decreases as the solid precursor is used up, 
the h-BN strut wall thickness cannot be increased to the level found in the graphite foam 
grown with a gaseous carbon feedstock. The estimate h-BN strut wall thickness of sintered 
powder template is 70 ± 10nm based on the spherical powder approximation and specific 
surface area. Although the specific surface area of the sintered Ni template is increased 
considerably, the h-BN volume fraction is still well below 1% and much smaller than the 
graphite volume fraction in graphite foam-polymer composite. 
(a) (b) 
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Meanwhile, the reduced pore size increases the viscous force for the PMMA flow, 
increasing the difficulty of filling PMMA into the pores. In particular, the sintered powder 
foam has a porosity of 72.5%, lower than that of reticulated Ni foam (97.1%). Therefore, 
the Ni volume fraction increases from 2.9% to 27.5% in the Ni template. Upon h-BN 
growth, Ni etching, and PMMA filling, the original space occupied by Ni was either 
compressed by the PMMA or partially filled by the PMMA. However, it is more difficult 
for the PMMA to fill in this space than in the larger pore space originally occupied by air. 
Consequently, the volume fraction of PMMA (ϕPMMA) decreases from 44% for the h-
BN-PMMA composite sample prepared from the reticular Ni foam template to around 
34% for the sample prepared from the sintered Ni template. The remaining volume fraction 
is occupied by air pockets trapped in the composite. The effective density (𝜌"##,%) of the h-
BN-PMMA composite is dominated by the PMMA fraction and varies from 0.3g/cc-
0.34g/cc, as shown in Table 2.1. 
Table 2.1: Room-temperature measurement results for PMMA, baseline h-BN foam 
samples grown on a reticulated Ni foam template, high surface area h-BN foam samples 
grown on sintered-powder templates.  
Sample 𝜌"##,%  
(g/cc) 
ϕh-BN  
(vol. %) 
𝛼"##,%  
(mm2/s) 
k"##,%  
(Wm-1K-1) 
k"##,'()*  
(Wm-1K-1) 
k+,-./ 
(Wm-1K-1) 
PMMA 0.99±0.02 - 0.15±0.04 0.21±0.06 - 0.21±0.06 
baseline 
h-BN-
PMMA 
composite  
0.30±0.00
2 
0.12±0.02 0.70±0.01 0.31±0.02 0.23±0.03 510±170 
High 
surface 
area h-
BN-
PMMA 
composite 
0.32±0.00
3 
0.34±0.06 1.12±0.01 0.51±0.04 0.44±0.04 380±80 
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Raman Spectroscopy is used to characterize the APCVD grown h-BN. Multiple 
locations on h-BN grown on both the Ni foam and sintered Ni powder templates are 
measured and similar results are obtained. Figure 2.6 shows the typical Raman spectra of 
the h-BN before and after the removal of the Ni templates and after 48 hrs of post-
annealing. The clear peaks at around 1370 cm-1 indicate crystalline h-BN grown by the 
APCVD method.34 
 
Figure 2.6: Raman spectrum of h-BN before (red line) and after (orange line) the removal 
of Nickel template and PMMA, and after 48 hrs post annealing (green line). 
Thermal properties of h-BN-PMMA composite are measured via Laser Flash 
Analysis (Netzsch LFA 457 Microflash) and Differential Scanning Calorimetry (Netazch 
DSC 404 F1 Pegasus). PMMA is one of the polymers used in electronics displays, lighting, 
and automotive applications. These polymers typically have very low thermal conductivity. 
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Although the h-BN volume fraction is less than 1%, the interconnected h-BN open cell 
structure increases the effective thermal conductivity of the composite, which is obtained 
as 
k"##,% = 𝛼"##,%𝜌"##,%𝐶"##,%     (2.1) 
where the 𝜌"##,% is the measured density of the h-BN-PMMA composite, 𝛼"##,% is the 
composite effective thermal diffusivity determined via LFA and 𝐶",% is the effective heat 
capacity calculated via the rule of mixture 
 𝐶"##,% = 2344526 ∗ 𝐶899: + 2<=>?26 ∗ 𝐶'()* + 2@AB26 ∗ 𝐶C.D   (2.2) 
Where 𝐶899: , 𝐶'()*  and 𝐶C.D  are literature results of material’s heat capacity, 𝑚% , 𝑚'()*, 𝑚899:, and 𝑚C.D	are the mass of the h-BN-PMMA composite, h-BN, PMMA, 
and air void in the composites, respectively. 𝐶"##,% is further verified with DSC where the 
calculated result based on the rule of mixture is within 10% uncertainty of the measured 
result. The 𝐶899:, 𝐶'()* and 𝐶C.D	used in the calculation are 1.42 J/g K, 0.72 J/g K and 
1.0 J/g K, respectively. The contribution of h-BN to the composite effective thermal 
conductivity is calculated as 
k"##,'()* = k"##,% − 𝜙899:k899:    (2.3) 
The keff,c of the h-BN-PMMA composites based on the sintered Ni powder template 
and commercial Ni foam are plotted in Figure 2.7, in comparison with the k results of pure 
PMMA measured in this work and reported in the literature.35,36 At room temperature, the 
measured pure PMMA sample yields a solid thermal conductivity of 0.21 ± 0.06 Wm-1K-
1, which matches the reference result.35,36 By adding the h-BN as a matrix, the h-
BN-PMMA composite based on the commercial Ni foam obtains a keff,c value of 0.31 ± 
0.02 Wm-1K-1 , around 1.5 times of pure PMMA. Despite the presence of the air void, the 
effective thermal conductivity is enhanced due to the contribution from the continuous h-
BN foam structure. In addition, the high surface area h-BN-PMMA composite achieves 
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an effective thermal conductivity value of 0.51 ± 0.04 Wm-1K-1, which is 2.4 times that of 
the pure PMMA and 1.7 times that of the baseline h-BN-PMMA composite. Although the 
air void fraction is increased in this small pore size structure, the effective thermal 
conductivity is increased further because of a 3-fold increase of the h-BN volume fraction 
compared to the baseline foam. The h-BN contribution to the effective thermal conductivity 
increases from 0.23 ± 0.03 Wm-1K-1 for the baseline composite to 0.44 ± 0.04 Wm-1K-1 for 
the high-surface area h-BN-PMMA composite. In addition, the solid thermal conductivity 
of bulk h-BN increases with decreasing temperature37 due to reduced phonon-phonon 
scattering, whereas kPMMA shows an opposite trend owing to its amorphous structure.35,36 
Thus, the thermal enhancement with the h-BN foam is expected to be more pronounced at 
a lower temperature.  
  
 15 
 
Figure 2.7: Effective thermal conductivity of the h-BN-PMMA composites prepared 
with the commercial Ni foam template (baseline) and the high-surface area sintered-
powder template, respectively, in comparison with the measured and literature values of 
PMMA.35,36 
The solid thermal conductivity of h-BN can be determined via Lemlich foam 
model.38 With the assumption of 3D isotropic heat conduction and parallel thermal 
contribution of PMMA and h-BN, the h-BN solid thermal conductivity can be evaluated 
as  
k+,-./,'()* = 3 JKLL,6(M3445k3445M<=>?      (2.4) 
where ΦPMMA and Φh-BN are the volume fractions of PMMA and h-BN of the composite, 
respectively and kPMMA is determined via same process as the h-BN-polymer composite. 
While the sintered Ni powder template has a relatively low uniformity compared to the 
cellular structure of reticulated Ni foam, the thickness of the grown h-BN is much smaller 
0
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than the pore size of the sintered foam. Therefore, the Lemlich foam model is used here to 
evaluate the solid thermal conductivity of the high-surface area h-BN foam. As shown in 
Figure 2.8 and Table 2.1, the solid thermal conductivity of high-surface area h-BN foam 
is 380 ± 80 Wm-1K-1, which is close to the literature basal-plane values of h-BN crystals 
with natural isotopic impurities. 37 Despite the approximation in the Lemlich model, the 
obtained solid thermal conductivity indicates the good crystalline quality of the grown h-
BN. 
 
Figure 2.8: Basal-plane thermal conductivity of the h-BN struts grown on the 
commercial Ni foam template and the sintered-powder template, respectively, in 
comparison with literature measurement results of a h-BN single crystal sample37 and a 
pyrolytic compression annealed h-BN sample18 and theoretical results for h-BN bulk 
crystals with naturally occurring isotopic impurities.37 
The specific thermal conductivity is an important measure for conductive foams in 
applications where weight is an important factor.39 This property is calculated as the solid 
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thermal conductivity divided by the bulk density of the foam strut, with a value of 0.045W 
m2 kg-1 K-1 for copper foam.39 The calculated specific thermal conductivity of h-BN foam 
based on the reticulated Ni foam is 0.26 W m2 kg-1 K-1, which is about 6 times greater than 
the value for copper foam and close to the specific thermal conductivity of ultrathin-
graphite foam, 0.32 W m2 kg-1 K-1.17 
The results for the annealed h-BN-PMMA composite samples are shown in Table 
2.2. The volume fractions of h-BN and PMMA are comparable for these samples, resulting 
in similar effective densities in the range between 0.3g/cc and 0.34g/cc. With different post 
annealing times, the enhancement of the effective thermal conductivity of the composite 
varies. The annealing increases the mean value of the measured solid thermal conductivity 
for only the h-BN grown on the sintered Ni powder template but not on the reticular Ni 
foam template. Nevertheless, the increase is still comparable to the uncertainty of the value.    
Table 2.2: Measurement results of three samples with different post annealing times 
Sample Post anneal 
time 
ϕh-BN  
(vol. %) 
ϕPMMA  
(vol. %) 
k"##,%  
(Wm-1K-1) 
k+  
(Wm-1K-1) 
Sample 1 - 0.34±0.06 34.9±0.2 0.51±0.04 380±80 
Sample 2 24 hrs 0.29±0.06 33.0±0.2 0.52±0.04 470±110 
Sample 3 48 hrs 0.30±0.06 34.0±0.2 0.60±0.05 490±120 
Figure 2.9 compares the effective composite thermal conductivity of the high 
surface area h-BN-PMMA foam with the values of the baseline foam-like h-BN-PMMA 
composite,33 ultra-thin graphite foam (UGF) loaded with wax,6 few-layer BN nanosheet-
epoxy composite,40 and h-BN platelets-linear low-density polyethylene (LLDPE) matrix.41 
Despite a much lower volume fraction of the high-thermal conductivity filler, the h-BN 
foam composite obtains an effective thermal conductivity comparable to the other samples. 
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The effective thermal conductivity can potentially be increased further by increasing the 
surface area of the sintered Ni powder template via an optimization of the powder size and 
the sintering temperature.   
 
Figure 2.9: Comparison of the effective thermal conductivity of the high surface area h-
BN foam sample and other porous foam composites, including baseline h-BN-PMMA 
foam,33 ultra-thin graphite foam (UGF)-wax composite,6 few-layer BN-epoxy 
composite,40 and h-BN platelets-LLDPE composite.41 
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Chapter 3 Conclusion 
This thesis is focused on the synthesis and characterization of high surface area h-
BN foam for thermal management applications. With low-cost nickel powders, a small-
pore-size Ni template can be sintered for CVD-growth of high-surface area h-BN foam 
structure. An APCVD method is used grow h-BN foams on both sintered Ni powder 
template and reticular Ni foam template. As a common polymer, PMMA is used to 
infiltrate both h-BN foams to make composite structures. The continuous, interconnected 
foam-like structure helps to eliminate the internal contact resistance while enhancing the 
heat transfer between the loaded functional material and h-BN strut. With an order of 
magnitude smaller pore size and an order of magnitude higher specific surface area than 
that of reticulated Ni foam, the high-surface area h-BN-PMMA composite increases the 
volume fraction of h-BN from 0.12 ± 0.02% to 0.34 ± 0.06% and yields an effective thermal 
conductivity increase from 0.31 ± 0.02 Wm-1K-1 to 0.51 ± 0.04 Wm-1K-1 at room 
temperature. The solid thermal conductivity obtained from the high-surface area h-BN 
composite is 380 ± 80 Wm-1K-1, which is close to the literature basal-plane value of h-BN 
crystal with natural isotopic impurities. In comparison with other porous network fillers, 
the high-surface area h-BN foam achieves a reasonably high effective thermal conductivity 
at a volume fraction well below 1%. It appears that the solid thermal conductivity of the h-
BN grown on the sintered Ni powder template can be increased with high-temperature 
annealing to reduce defects. Future work to further improve on these concepts includes 
optimizing the powder size and sintering temperature to further increase the specific 
surface area and porosity, eliminating air voids to increase the effective composite density, 
adjusting growth and post-process parameters, and exploring different etchant methods. 
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